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AdsorptionAbstract In this work, magnetic clinoptilolite/CoFe2O4 composites were prepared, and were char-
acterized by X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR), transmis-
sion electron microscope (TEM), vibrating sample magnetometer (VSM) and Zeta potential. The
applicability of the synthesized composites for removal of Sr2+ from aqueous solutions was
assessed, and the effective parameters such as initial pH values, adsorbent dosage, contact time, ini-
tial concentrations and temperatures on the sorption process were studied and optimized. The
results showed that the Langmuir isotherm equation is the best to describe the sorption process.
Adsorption kinetics of Sr2+ onto the composites followed the pseudo-second-order kinetic model.
The thermodynamic parameters, such as DG0, DH0 and DS0, were also determined and evaluated.
Moreover, the saturation magnetization of composites was measured as 11.31 emu g1, which facil-
itated magnetic separation of the sample after adsorption process.
ª 2013 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Strontium-90 is one of the most common radionuclides pres-
ent in radioactive liquid wastes (LRW), which are produced
inevitably during preparation and application of the nuclear
material. The chemical properties of strontium-90 are similar
to calcium, so when entering into the human body, stron-
tium-90 can easily replace calcium and cause leukemia, ane-
mia, genetic changes and other diseases [9]. Therefore, the
removal of long-lived strontium-90 in radioactive waste is
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produce a waste product suitable for long term storage and
disposal. Currently, various methods have been developed
and applied up to remove the Sr2+ from aqueous solution,
such as chemical precipitation evaporation, ion exchange
adsorption, ion ﬂotation, and membrane treatment methods
[34,10]. Among these methods, the adsorption technology
has been most widely used because of its low cost and ease
of operation as well as greater efﬁciency.
Several organic and inorganic adsorbents, such as microor-
ganism [30,40], polysaccharide derivates [39], oxidized multi-
wall carbon nanotubes [8], clay mineral [26,41,33], activated
carbon [7] and zeolites [12,36,4] were researched and applied
to adsorb Sr2+. Clinoptilolite has received much attention
due to (1) widespread occurrence, (2) high selectivity for
Sr2+, and effectiveness in removing radioisotopes from waste-
water, (3) good compatibility with cement matrix to improve
the mechanical characteristics of the solidiﬁed cement matrix
toward the safety requirements and reduce considerably the
radionuclides leach rates [1,5]. In the practical application,
however, it is difﬁcult to separate the ﬁne powder clinoptilolite
from water because it suspends in the water after wastewater
treatment for a long time. It seems attractive to combine
adsorption properties with magnetic properties to produce no-
vel kinds of adsorbents for the removal of pollutants from
water. Some research has been done on this issue. Activated
carbon/iron oxide magnetic composites adsorb chloroform,
phenol, chlorobenzene and drimaren red dye in water [32],
polymer coated vermiculite-iron composites treat spilled con-
taminants [29], montmorillonite–Cu(II)/Fe(III) oxides mag-
netic material adsorbs humic acid and cyanobacterial
microcystis aeruginosa [35,17], novel magnetic chitosan/graph-
ene oxide composites and montmorillonite/CoFe2O4 compos-
ites adsorb methylene blue [13,2,3], magnetic hydroxyapatite
nanoparticles remove Cd (II) and Zn (II) from aqueous solu-
tions [14].
In this work, CoFe2O4 magnetic nanoparticles were pre-
pared by chemical precipitation method and then combined
with clinoptilolite to synthesis magnetic clinoptilolite/CoFe2O4
composites. The prepared composites were characterized by
XRD, FT-IR, DTG, VSM, TEM and Zeta potential. The ef-
fect of different parameters such as initial pH values, adsor-
bent dosage, contact time, concentrations and temperatures
was investigated and optimized. Various kinetic and isotherm
models were used to evaluate the experimental data.2. Experimental
2.1. Materials
All chemical reagents were of analytical grade (AR Grade) and
used as received without further puriﬁcation. Cobalt nitrate
[Co(NO3)2Æ6H2O], ferric nitrate [Fe(NO3)3Æ9H2O], strontium
nitrate [Sr(NO3)2] and sodium hydroxide [NaOH], were pur-
chased from the Tianjin Kermel chemical reagent Co., China.
Clinoptilolite sample used in this work was collected from
the Xin Jiang province of China. Clinoptilolite was washed
with distilled water, dried at 105 C, was ground to 200–
250 lm by using mortar. Deionized water was used in the
experiment.2.2. Preparation of magnetic clinoptilolite/CoFe2O4 composites
Magnetic CoFe2O4 particles were obtained by precipitation
method. 10 mol/L NaOH solution was added to 300 ml metal
nitrate aqueous solution containing 2.91 g Co(NO3)2Æ6H2O,
8.08 g Fe(NO3)3Æ9H2O till pH = 10.0. The suspension was stir-
red at 25 ± 1 C for 30 min and then was heated in water bath
at 90 C for 2 h. After cooling, the obtained black precipitates
(CoFe2O4) were thoroughly rinsed with deionized water until
pH  7. The composites were prepared by mixing the 7.05 g
clinoptilolite into water-bearing CoFe2O4 and evenly dispersed
with ultrasonic. The amount of CoFe2O4 was adjusted to ob-
tain clinoptilolite/CoFe2O4 weight ratio of 3:1. By a simple
magnetic procedure, the obtained composites were separated
from water and dried in an oven at 90 C.
2.3. Characterization of adsorbent
All characterizations were carried out at room temperature
after the complex was changed into ﬁne powder by grinding.
The phase identiﬁcation of sample was examined using PAN-
alytical, X’pert PRO X-ray diffractometer (XRD). The FT-IR
spectrum was acquired by a Perkin Elmer Fourier transform
infrared spectroscopy, the spectrum ranged from 4000 to
400 cm1. Morphology analysis was performed on a JEOL,
JEM-100CX transmission electron microscope (TEM). The
magnetisms of samples under certain condition were measured
by a Lake Shore 7400 vibrating sample magnetometer (VSM).
Zeta potential of the materials was determined by microelec-
trophoresis using Malven, Zetasizer Nano Zs90 Zeta potential
analyzer. The Zeta potentials of the materials suspensions con-
taining 0.5% solid in 0.01 mol L1 NaNO3 were determined at
various pH values.2.4. Adsorption experiments
Batch adsorption experiments were carried out using a ther-
mostatic shaker. The effects of solution initial pH values,
adsorbent dosage, contact time, initial Sr2+ concentrations
and temperatures on adsorption were investigated. For each
experimental run, composites and Sr2+ solution of known
concentration were transferred into a 250 mL ﬂask, and agi-
tated in a temperature controlled shaker at a constant speed
of 150 rpm with a required adsorption time at ambient temper-
ature and required pH. The effect of pH was performed by dis-
persion of 0.25 g of composites in 50 mL of Sr2+ solution of
200 mg L1. The initial pH of Sr2+ solution was adjusted to
values in the range of 2.0–10.0 by the addition of 0.1 mol L1
HNO3 or 0.1 mol L
1 NaOH solutions. The suspensions were
agitated in a temperature controlled shaker at 25 ± 1 C for
1440 min. The adsorbent dosage was changed from 1.25 to
20 g/L in order to investigate the inﬂuence of adsorbent dosage
of Sr2+ by the composites. The adsorption kinetic was deter-
mined by analyzing adsorption capacity from the aqueous
solution at different time intervals. For adsorption isotherms,
Sr2+ solution of different concentrations in the range of 50–
400 mg L1 was agitated till the equilibrium was achieved.
The effect of temperature on the adsorption characteristics
was investigated by determining the adsorption capacities at
298, 318 and 338 K.
Figure 2 FT-IR spectra of the clinoptilolite (a), composites (b)
and CoFe2O4 (c).
60 Y. Huang et al.The concentration of Sr2+ was determined using ICP-Ms
technique (Agilent, 7700·). The adsorbed amounts (q) of
Sr2+ were calculated by the following equation:
q ¼ ðC0  CeÞ  V
m
where C0 and Ce are the initial and equilibrium concentrations
of Sr2+ (mg L1), V is the volume of solution (L), m is the
mass of adsorbent (g). All assays were carried out in triplicate
and only mean values were presented.
3. Results and discussion
3.1. Characterization of the adsorbent
XRD is an effective method to investigate the existence of Co-
Fe2O4 in composites. XRD patterns of the clinoptilolite, Co-
Fe2O4 and composites are shown in Fig. 1. The pattern of
pure CoFe2O4 exhibited sharp peaks at 2h angles of 18.3,
30.1, 35.4, 43.1, 57.0 and 62.6 which indicated that the cu-
bic spinel phase CoFe2O4 was well obtained. The average crys-
tallite size is 17.8 nm for CoFe2O4, estimated by Scherrer’s
equation (D= kk/bcosh) [22], where D is the average crystal-
line size, k is the wavelength of CuK, b is the full width at half
maximum (FWHM) of the diffraction peaks, h is the Bragg an-
gle and K is the scherrer constant. The XRD analysis of clin-
optilolite has revealed that it consists mainly of clinoptilolite,
with quartz and albite as mineral admixtures. It can be seen
that the composites contain the characteristic peaks of both
CoFe2O4 and clinoptilolite. The results indicated the existence
of ferroferric oxide particles (CoFe2O4) in composites.
The FT-IR spectra of the clinoptilolite, CoFe2O4 and com-
posite are presented in Fig. 2. The main bands observed in the
IR spectrum of clinoptilolite (Fig. 2a) are in accordance with a
previous report [23]. The internal vibrations of T–O are con-
sidered insensitive to clinoptilolite structure and the vibrations
of the external linkages between tetrahedral, correspond to
topology and the mode of structure arrangement are two
groups of vibrations in all zeolitic structures. The FT-IR band
connected with the internal Si–O (Si) and Si–O (Al) vibrations
in tetrahedral or alumino- and silico-oxygen bridges lies in theFigure 1 XRD patterns of the clinoptilolite (a), composites (b)
and CoFe2O4 (c).range of 1200–400 cm1, while the bands due to the presence
of zeolitic water lie in the range of 1600–3700 cm1. According
to the geometrical conﬁguration of the oxygen nearest neigh-
bors, the metal ions are usually situated in two different sublat-
tices in ferrites, designated as the tetrahedral and octahedral
sites. The vibration spectra of CoFe2O4 at the high-frequency
band 599 cm1 and the low-frequency band 418 cm1 are
attributed to the intrinsic vibration of the tetrahedral sites
and the octahedral sites, respectively [2,3,27]. In the spectrum
of composites, all the adsorption bands related to clinoptilolite
are observed and overlapped with the bands at 599 and
418 cm1.
Fig. 3 shows the TEM images of clinoptilolite before and
after magnetic modiﬁcation. It can be seen from Fig. 3a thatFigure 3 TEM images of the clinoptilolite (a) and composites
(b).
Figure 4 Hysteresis loops of clinoptilolite/CoFe2O4 composites.
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its surface and boundary are clear. As shown in Fig. 3b, Co-
Fe2O4 particles cover evenly on the surface of clinoptilolite,
which is important for the composites to enhance magnetic
separate recovery rate.
The magnetization measurements for the as-prepared com-
posites are carried out using VSM at room temperature with
an applied magnetic ﬁeld of 25 kOe, which reveals that com-
posites exhibit clearly hysteretic behavior. The magnetic hys-
teresis loops of the composites, shown in Fig. 4, indicate that
the values of saturation magnetization (Ms) and remnant mag-
netization (Mr) are 11.31 and 1.08 emu g1, respectively,
which are lower than those of the bare CoFe2O4 particles
(Ms is 36.59 emu g1 and Mr is 4.07 emu g1) due to the exis-
tence of clinoptilolite. As shown in inset of Fig. 4, the magnetic
separation performance of the composites is also tested by
placing a magnet (4000 Gauss) near the glass bottle. The
black product is attracted toward the magnet in a short period,
demonstrating high magnetic sensitivity of our product. These
results show that the composites can be potentially used as a
magnetic adsorbent to remove contaminants from aqueous
solution.Figure 5 The Zeta potentials of the clinoptilolite, composites
and CoFe2O4.The Zeta potentials of the composites at various pH values
are shown in Fig. 5. For comparison, Zeta potentials of Co-
Fe2O4 and clinoptilolite are also included. As can be seen from
Fig. 5, the particles of natural clinoptilolite are almost con-
stantly negatively charged. The negative charge results from
the Al3+ substitutions for Si4+ within the clinoptilolite lattice
(isomorphic substitution), the broken bonds at the Si–O–Si
generated at the particle surface during the grinding process
and the lattice imperfections [6,38]. The surface charge of Co-
Fe2O4 is positive values ranging from ca. +42 to +16.7 mV at
low and high pH, respectively. It can also be seen that the mag-
netic composites have higher Zeta potentials than clinoptilo-
lite, which indicates that they are less negatively charged.
The increased Zeta potentials resulting from the magnetic
modiﬁcation can be expected to decrease the electrostatic
repulsion. CoFe2O4 and clinoptilolite is covered by electro-
static bonding mechanisms.
3.2. Adsorption of Sr2+onto the composites
3.2.1. Effect of initial pH values on Sr2+ removal
The effect of pH on adsorption of Sr2+ by composites is pre-
sented in Fig. 6. The initial pH values of the Sr2+ solution are
an important parameter, which controls the adsorption pro-
cess, particularly the adsorption capacity. At initial pH values
range of 2–10, the adsorption capacities of Sr2+ remain
approximately stable, but there is sharp increase in pH > 10.
The result is consistent with the conclusion drawn by Smicˇiklas
and Dimovic´ [36]. At lower pH, the Sr2+ has to compete with
hydrogen ions among the exchange sites. However, with
increasing pH, the competition decreases and the positively
charged Sr2+ ions can be exchanged with the exchangeable
cations and also adsorbed at the negatively charged sites on
the clinoptilolite, due to strong electrostatic attraction forces.
3.2.2. Effect of adsorbent dosage
Adsorbent dosage is another important parameter affecting
ion adsorption efﬁciency. Fig. 7 displays the effect of adsor-
bent dosage on the Sr2+ adsorption by composites. Experi-
ments were carried out when initial Sr2+ concentration wasFigure 6 Effect of pH on adsorption of Sr2+ onto the
composites. (adsorbent dosage: 5 mg/L; contact time: 1440 min;
C0: 200 mgL
1; temperature: 298 K).
Figure 7 Effect of adsorbent dosage on adsorption of Sr2+ onto
the composites. (pH: 4; contact time: 1440 min; C0: 200 mgL
1;
temperature: 298 K).
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25 ± 1 C. As shown in Fig. 7, the removal efﬁciency increased
from 24.84% to 45% when the adsorbent dosage increased
from 1.25 to 20 g/L. However, the adsorption capacity of
Sr2+ ions decreased when the adsorbent dosage increased.
The reduction in adsorption capacity may be due to the satu-
ration of the adsorption active sites which involved in the
adsorption process reported that for a constant initial metal
concentration, increasing the absorbent dosage provided more
functional groups and active sites, thus leading to the increase
in the removal efﬁciency of Sr2+. From the economical point
of view, the 5 g/L adsorbent dose was selected as the optimum
dose.
3.2.3. Effect of contact time/adsorption kinetics
In order to establish the equilibrium time for maximum uptake
and to know the kinetic of adsorption process, Sr2+ adsorp-
tion on the composites was investigated as a function of con-Figure 8 Effect of contact time on adsorption of Sr2+ onto the
composites. (pH: 4; adsorbent dosage: 5 mg/L; C0: 200 mgL
1;
temperature: 298 K).tact time from 15 to 1440 min at same adsorbent dosage and
Sr2+ concentrations. Fig. 8 shows the variation of Sr2+
adsorption amounts with time. Fig. 8 shows that the uptake
of Sr2+ by composites is rapid during the ﬁrst 240 min and
the equilibrium is reached within 1200 min. To investigate
the adsorption mechanism of Sr2+ onto the composites, two
kinetic models, pseudo-ﬁrst-order kinetic model and pseudo-
second-order kinetic model, are tested to ﬁnd the best ﬁtted
model for the experimental data.
The pseudo-ﬁrst-order Lagergren equation is given by [24]:
log ðqe  qtÞ ¼ log qe 
k1t
2:303
where k1 is the pseudo-ﬁrst-order rate constant (min
1), qe and
qt are the amounts of Sr
2+ adsorbed (mg g1) at equilibrium
and at time t (min).







where k2 (g mg
1 min1) is the rate constant of the pseudo-sec-
ond-order adsorption.
Kinetic constants obtained by linear regression (Fig. 9) for
the two models are listed in Table 1. The correlationFigure 9 Pseudo-ﬁrst-order kinetic (a) and pseudo-second-order
kinetic (b) of adsorption of Sr2+ onto the composites.
Table 1 Adsorption kinetic parameters of Sr2+ adsorption onto the composites.
Pseudo-ﬁrst-order Pseudo-second-order
k1 (min
1) qe,cal (mg g
1) qe,exp (mg g
1) R2 k2 (g mg
1 min1) qe,cal (mg g
1) R2
0.00396 8.90 16.62 0.9179 0.001403 16.95 0.9977
Figure 10 Effect of different initial Sr2+ concentration on
adsorption onto the composites. (pH: 4; adsorbent dosage: 5 mg/
L; contact time: 1440 min; temperature: 298 K).
Figure 12 Freundlich plots of log qe against logCe for the
adsorption of Sr2+ on the composites.
Table 2 Adsorption isotherm parameters of Sr2+ adsorption
onto the composites.
Langmuir equation Freundlich equation
qm (mg g
1) b (L mg1) R2 Kf (mg g
1) n R2
20.58 0.068 0.9778 7.26 5.65 0.8226
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2+ 63coefﬁcients (R2) for the pseudo-ﬁrst-order kinetic model are
relatively low, and the calculated qe values (qe,cal) from the
pseudo-ﬁrst-order kinetic model do not agree with the experi-
mental data (qe,exp), suggesting the adsorption of Sr
2+ onto the
composites cannot be applied a ﬁrst-order model. For the
pseudo-second-order kinetic model, the R2 value is 0.9999
and the qe,cal values agreed very well with the qe,exp values,
which indicates the applicability of the second-order model
to describe the adsorption process of Sr2+ onto the
composites.Figure 11 Langmuir plots of Ce/qe against Ce for the adsorption
of Sr2+ on the composites.
Figure 13 Effect of temperature adsorption of Sr2+ onto the
composites. (pH: 4; adsorbent dosage: 5 mg/L; contact time:
1440 min; C0: 200 mgL
1; temperature: 298 K).
Figure 14 Van’t Hoff plot of lnKd versus 1/T.
Table 3 Thermodynamic parameters obtained for Sr2+
adsorption.
DH0 (kJ mol1) DS0 (J mol1 K1) DG0 (kJ mol1)
298.15 318.15 338.15
28.84 137.65 12.15 14.99 17.65
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The equilibrium adsorption isotherm is fundamental in
describing the interactive behavior between solutes and adsor-
bent, and is important for the design of adsorption system.
Fig. 10 shows the adsorption capacity of Sr2+ at different
ion concentrations in the range of 20–400 mg L1. It is evident
that the adsorption of Sr2+ on the composites depends on the
ion concentration. The adsorption capacity of Sr2+ increases
with increasing the ion concentration. This may be attributed
to the extent of a driving force of concentration gradients with
the increase in the Sr2+ concentration. Two traditional
adsorption isotherm models of Langmuir and Freundlich were
used to describe the equilibrium between adsorbed Sr2+ ions
onto magnetic CoFe2O4/clinoptilolite composites [25,15].
The well-known expression of the Langmuir model is given
by Eq:Table 4 Comparison with different adsorbents.
Adsorbents Adso
Magnetic clinoptilolite/CoFe2O4 composites Lang
Magnetic chitosan beads Freu
Dolomite powder Lang
Textile sewage sludges Lang
Hydrous manganese dioxide Freu
Montmorillonite Freu
Phosphate-modiﬁed montmorillonite Freu










where Ce is the equilibrium concentration of Sr
2+ solution
(mg L1), qe the equilibrium capacity of Sr
2+ on the adsorbent
(mg g1), qm is the monolayer adsorption capacity of the
adsorbent (mg g1), and b is the Langmuir adsorption con-
stant (L mg1) and related to the free energy of adsorption.
The empirical Freundlich equation based on sorption onto
a heterogeneous surface is given as:




where Kf and n are the Freundlich constants for the system,
which are indicators of adsorption capacity and intensity,
respectively.
The isotherm constants and the correlation coefﬁcients (R2)
obtained by linear regression (Fig. 11 and Fig. 12) for two
model are presented in Table 2. As seen from Table 2, Sr2+
adsorption onto the composites was well described by the
Langmuir model with correlation coefﬁcients of
R2 = 0.9778. The calculated maximum adsorption capacity
qm is 20.58 mg g
1. Results from the Freundlich analysis
shown in Table 2 indicate that the correlation coefﬁcient is sig-
niﬁcantly less than the Langmuir analysis in describing the
adsorption of Sr2+on the composites. The fact that the Lang-
muir isotherm ﬁts the experimental data very well may be due
to homogenous distribution of active sites on the composites
surface.
3.2.5. Effect of temperature/adsorption thermodynamics
The effect of temperature on Sr2+ adsorption was studied
(Fig. 13). The adsorption capacity increases with increasing
the temperature from 298 to 338 K, indicating endothermic
nature of the adsorption process and favorable adsorption at
higher temperature. These data were used for estimation the
thermodynamic parameters. [2,3]
The thermodynamic parameters, free energy change (DG0),
enthalpy change (DH0), and entropy change (DS0) were calcu-
lated using the following equations [31]:
DG0 ¼ RT ln Kd





RTrption isotherm qm (mg g
1) References
muir 20.58 This work
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where Kd is the distribution coefﬁcient, DS
0, DH0 and DG0 are
the changes of entropy, enthalpy and the Gibbs free energy, T
is the temperature (K), R is the gas constant
(8.3145 J mol1 K1), Ce and qe are the equilibrium concentra-
tion in aqueous phase (mg L1) and the amount of Sr2+ ad-
sorbed per unit mass of the adsorbent (mg g1), respectively.
DS0 andDH0 are calculated from the slope and intercept of van’t
Hoff plots of ln Kd versus 1/T (Fig. 14). The DG
0, DH0 and DS0
values are listed in Table 3. The Gibbs free energy change (DG0)
is negative and DH0 is positive, indicating that the adsorption
process is spontaneous and endothermic. The positive value of
DS0 reﬂects an increase in randomness at the solid/solution
interface during the adsorption of Sr2+ onto the composites.
3.3. Comparison of various adsorbents
The removal of Sr2+ by different adsorbents has been studied
extensively. Table 4 represents the comparison of the adsorp-
tion capacity of Sr2+ and the isotherm model with other mate-
rials. The results indicate that the adsorption capacities of the
prepared composites for Sr2+ ion are not the highest than that
of some other previously reported adsorbents. By comparing
the qm of different materials for the removal of Sr
2+, hydrous
manganese dioxide, activated carbon and magnetic zeolite
nanocomposites are in the middle, PAN–zeolite nanocompos-
ites have the highest adsorption capacity. In spite of the medi-
ocre sorption capacity, magnetic clinoptilolite/CoFe2O4
composites are a unique material for Sr2+ sorption because
they are low cost and have pozzolanic activity.4. Conclusions
In summary, magnetic clinoptilolite/CoFe2O4 composites,
which combined the adsorption feature of clinoptilolite with
the magnetic properties of powdered CoFe2O4, were success-
fully developed by a simple process step. The as-prepared com-
posites were characterized by XRD, FT-IR, TEM, VSM and
Zeta potential. The potential of the magnetic composites for
Sr2+ removal from water was evaluated. The adsorption iso-
therm data were ﬁtted well with the Langmuir model with a
monolayer adsorption capacity of 20.58 mg g1. Adsorption
kinetics of Sr2+ onto the composites followed the pseudo-sec-
ond-order kinetic model. The thermodynamic parameters
showed that the adsorption process of Sr2+ onto the compos-
ites was a spontaneous and endothermic process. These results
indicated that the CoFe2O4 present on the surface of clinoptil-
olite does not interfere with the composites for adsorption of
Sr2+ and the composites could be considered as a potential
adsorbent for Sr2+ removal from aqueous solution.Acknowledgements
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